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Abstract

Helicases are essential enzymes that utilize the energy of nucleotide hydrolysis to drive unwinding
of nucleic acid duplexes. Helicases play roles in all aspects of DNA metabolism including DNA
repair, DNA replication and transcription. The subcellular locations and functions of several helicases
have been studied in detail; however, the roles of specific helicases in mitochondrial biology remain
poorly characterized. This review presents important recent advances in identifying and
characterizing mitochondrial helicases, some of which also operate in the nucleus.
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Introduction

This article is part of a series of articles on the biological importance of the mitochondrial
genome for the aging process and the mechanisms that maintain and ensure its stability. Recent
studies demonstrate that mitochondrial DNA (mtDNA) mutations and deletions accumulate
with age in several model organisms, suggesting that defects in mtDNA metabolism and/or
decreased stability of mtDNA play a causative role in aging.

All DNA metabolic processes involve helicase activity, and thus helicases are omnipresent and
crucial enzymes in genome stability. While several mitochondrial helicases have been
described and characterized, they remain relatively poorly characterized. This review describes
recent evidence that mitochondrial helicases play a critical role in the maintenance of mtDNA
stability, possibly preventing age-associated accumulation of mtDNA mutations.

DNA helicases, which unwind DNA duplexes as well as unusual three- and four-stranded DNA
structures, play critical roles in DNA replication and DNA repair. Most experimental evidence
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suggests that the two mtDNA strands replicate asynchronously, starting at the origin of the
heavy strand and proceeding unidirectionally to the origin of the light strand, after which
replication of the light strand is initiated (Falkenberg et al., 2007). However, Holt and
colleagues suggest that the two mtDNA strands may also replicate in a synchronous,
bidirectional manner, characterized by coordinated replication of leading and lagging strands
(Bowmaker et al., 2003; Yang et al., 2002). Helicase activity is required as a cofactor for DNA
polymerase y (Poly), which is inactive on duplex DNA in vitro in the absence of a helicase and
a single-stranded DNA (ssDNA) binding protein (Korhonen et al., 2004). The fidelity and
efficiency of DNA replication influences the stability of the mitochondrial genome.

MtDNA stability also depends on the relative rates of DNA damage and repair. Under
physiological conditions, mtDNA is uniquely susceptible to oxidative DNA damage, because
of its physical proximity to reactive oxygen species (ROS) generated during oxidative
phosphorylation in the inner mitochondrial membrane. Oxidative lesions in the mtDNA are
repaired by base excision repair (BER) enzymes, all of which are thought to play dual roles in
the nuclear and mitochondrial compartments.

BER is a well-characterized multi-step pathway, initiated by a DNA glycosylase that removes
a damaged base. Other BER enzymes or activities that act downstream of the glycosylase
include an AP endonuclease that cleaves the abasic site and/or trims DNA ends, 5'deoxyribose
phosphate lyase (dRPase) and DNA synthesis catalyzed by a DNA polymerase (DNA
polymerase y in mitochondria), and DNA ligase. In short patch BER (SP-BER), the DNA
synthesis tract is 1-2 nucleotides. When the 5" end is blocked, repair proceeds via long-patch
BER (LP-BER; reviewed in (Akbari et al., 2008; Hegde et al., 2008; Liu et al., 2008; Maynard
etal., 2009; Szczesny et al., 2008)). In LP-BER, strand-displacement DNA synthesis generates
a 2-7 nt long flap, which is removed by a structure-specific endonuclease (Hegde et al.,
2008), and results in a 2-7 nt DNA synthesis tract. LP-BER occurs in mitochondria (Akbari et
al., 2008; Liu et al., 2008; Szczesny et al., 2008) in a FEN-1 dependent or FEN-1 independent
manner (Akbari et al., 2008; Liu et al., 2008; Szczesny et al., 2008). Nuclear helicases, such
as the Werner syndrome helicase (WRN, are thought to participate in LP-BER through
interactions with FEN-1 (Bohr, 2008). Human Dna2 also interacts with FEN-1, and this
interaction may be important in DNA replication and DNA repair (Budd and Campbell,
1997; Zheng et al., 2008).

The RecQ helicases are an important group of mammalian DNA helicases that play roles in
DNA repair and DNA replication. Mutations in human genes encoding RecQ helicases cause
premature aging (Werner syndrome, Rothmund-Thomsons syndrome) or premature cancer
(Bloom syndrome) (Bohr, 2008). The possible roles of mammalian RecQ helicases in
mitochondria are of great interest, but are not yet well understood.

Until recently, mitochondrial helicases had only been identified and characterized in yeast.
Twinkle, a helicase believed to participate in replication of the mtDNA in human mitochondria,
was the first mammalian mitochondrial helicase identified, and its mutations were associated
with autosomal ophtalmoplegia (Spelbrink et al., 2001). Other mammalian DNA helicases
recently identified include hPifl (Futami et al., 2007)), hSuv3 (Dmochowska et al., 1999) and
hDna2 (Zheng et al., 2008). All three are homologues of known yeast mitochondrial helicases.
Preliminary studies suggest that the roles of the mammalian DNA helicases may differ from
the roles of their yeast counterparts (Copeland and Longley, 2008).

This review focuses on the biochemical properties of mtDNA helicases, and their possible roles
in maintaining stability and/or preventing age-associated instability of mtDNA.

Mech Ageing Dev. Author manuscript; available in PMC 2011 July 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

de Souza-Pinto et al.

Dna2

Page 3

Yeast Dna2—Yeast Dna2 (yDna2) is an essential, 170 kDa protein with an N-terminal
nuclease RecB homology domain, and a C-terminal helicase domain that includes canonical
helicase motifs I, Il, 111, V and VI. Purified yDna2 has 5’ — 3' DNA-dependent DNA helicase
and ATPase activity on forked DNA molecules and an endonuclease activity (Bae and Seo,
2000; Budd and Campbell, 1995; Budd et al., 2000; Lee et al., 2000). Purified yDna2
preferentially cleaves 5'- protruding ssSDNA ends in vitro, and this reaction is stimulated by
the presence of RNA in the 5’ end of the DNA substrate (Bae and Seo, 2000). Yeast Dna2
mutants are temperature-sensitive, and hypersensitive to DNA damaging agents including
bleomycin (Choe et al., 2002), X-rays (Budd and Campbell, 2000), hydroxyurea (HU) and
methyl methanesulfonate (MMS) (Imamura and Campbell, 2003). Thus, yeast Dna2 plays a
role in DNA repair.

YDnaz2 also interacts with yeast FEN-1 (yFEN-1), and plays a likely role in maturing Okazaki
fragments during DNA replication. In particular, it has been proposed that yDna2 removes the
primer from the lagging DNA strand and leaves a short flap, which is cleaved by yFEN-1,
resulting in a product that can be ligated (Bae and Seo, 2000; Budd and Campbell, 1997; Pike
et al., 2009). yDna2 may also play a role in double strand break (DSB) repair, promoting 5'-
strand resection, and in concert with yeast Sgs1, a WRN and BLM ortholog, producing long
3" ssDNA overhangs (Zhu et al., 2008).

Human Dna2—Human Dna2 (hDna2), which is less well characterized than yDna2,
complements the phenotype of yeast Dna2 mutants (Imamura and Campbell, 2003), indicating
functional conservation of these two proteins. Interestingly, yDna2 has three nuclear
localization signals while hDna2 has none, and in some cell types, hDna2 localizes primarily
to the mitochondria, with none or only a small amounts present in the nucleus. Thus, although
yDna2 may largely function in nuclear replication, telomere maintenance and DSB repair,
hDna2 may play important functions in mitochondrial DNA metabolism. Because hDna2
depletion results in G2/M arrest, aneuploidy and internuclear chromatin bridges, hDna2 must
also play some roles in nuclear DNA metabolism (Duxin et al., 2009; Zheng et al., 2008).

Human Dna2 ATPase and helicase activities are stimulated by ssDNA (Masuda-Sasa et al.,
2006). The protein also has an associated endonuclease activity, which cleaves 5'-flaps, 3'-
flaps, 3'-overhangs and 5’-overhangs, but does not cleave ssDNA flanked by dsDNA (Kim et
al., 2006; Masuda-Sasa et al., 2006). In vitro, hDna2 stimulates ligation of a flap substrate in
the presence of T4 DNA ligase and hFEN-1, suggesting that hDna2, like yDna2, may promote
Okazaki fragment maturation (Kim et al., 2006) or possibly LP-BER, as discussed below.

Human Dna2 co-localizes with mtDNA and Twinkle in the nucleoids in a subset of
mitochondria. hDna2 co-localization with Twinkle increased drastically in cells expressing
some but not all mutant forms of Twinkle (Duxin et al., 2009), even though all mutant forms
of Twinkle proteins caused replication fork stalling. Mutations that altered subcellular
localization of Twinkle were not associated with defects in sSSDNA binding or helicase activity
(Duxin et al., 2009; Goffart et al., 2009; Wanrooij et al., 2007). Thus, the mechanism of re-
distribution of hDna2 mutants is not understood at present.

Human Dna2 also interacts with Poly in the absence of DNA or RNA. This interaction
stimulates primer elongation by Poly on a D-loop plasmid substrate that resembles the mtDNA
D-loop, but does not stimulate elongation by Poly on oligo-primed ssDNA. In mitochondrial
extracts, hDna2 partially removes all but 1-10 nucleotides of a5’ DNA or RNA flap, as observed
with yDna2. Subsequently, hDna2 stimulates cleavage of remaining short 5’ flaps, as well as
gap-filling, primer removal and ligation by Poly, FEN-1 and Lig Illa. These data suggest that
hDna2 may be involved in RNA primer and flap removal during mitochondrial DNA
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replication (Zheng et al., 2008). Cells that have been depleted for hDna2 by siRNA knockdown
show a modest decrease in replication intermediates, supporting a role for hDna2 in
mitochondrial replication in vivo (Duxin et al., 2009).

In vitro and in vivo experiments support a role for hDna2 in mitochondrial LP-BER. Purified
hDna2 and mitochondrial extracts cleave and produce identical products from nicked or flap
DNA substrates containing the AP-site analogue tetrahydrofuran (THF). In an in vitro
reconstituted LP-BER assay, hDna2 and hFEN-1 synergistically stimulate formation of ligated
products. Furthermore, immunodepletion of either hDna2 or hFEN-1 from mitochondrial
extracts resultes in decreased LP-BER activity (Zheng et al., 2008). In vivo, hDna2 knock down
decreases repair of hydrogen peroxide-induced oxidative damage in mtDNA (Duxin et al.,
2009; Zheng et al., 2008).

In summary, these results suggest that hDna2 plays a different biological role than yDna2.
YDnaz2 is thought to play roles in DSB processing, Okazaki fragment processing, telomere
maintenance, and possibly mtDNA stability, while the primary role of hDnaz2 is likely to be
processing flap intermediates during LP-BER in mitochondria.

Twinkle is a mammalian mitochondrial member of the RecA/DnaB superfamily, with
structural similarity to phage T7 gene 4 primase/helicase and other hexameric ring helicases.
Human Twinkle has an N-terminal primase-like domain; however, no primase activity has
been identified. The C-terminal helicase domain includes Walker A and B motifs, and the two
domains are connected by a short linker region. Twinkle monomers form hexamers in vitro,
even in absence of Mg?* and nucleotide (Farge et al., 2008; Goffart et al., 2009; Spelbrink et
al., 2001). The C-terminal domain is required for oligomerization, and the N-terminal domain
contributes to the stability of the hexamers (Farge et al., 2008). Purified recombinant hTwinkle
has an NTP-dependent 5’ - 3" helicase activity that is supported by hydrolysis of UTP, GTP or
ATP (Goffart et al., 2009; Korhonen et al., 2003). Twinkle's preferred DNA substrate is forked
DNA, requiring a 5’ ssDNA tail for loading and a short 3’ tail for initiating the helicase activity
(Korhonen et al., 2003).

Mitochondrial single-stranded DNA binding protein (mtSSB) strongly stimulates the
unwinding activity of hTwinkle (Korhonen et al., 2003), but even in the presence of mtSSB,
hTwinkle unwinds relatively short stretches (approximately 20 bp) of DNA. However, in the
presence of Poly, Twinkle can unwind longer stretches of dSDNA, to such extend that it
promotes Poly DNA synthesis tracts up to 2000 nt, even though Poly cannot elongate through
dsDNA. Invitro, hTwinkle, Poly and mtSSB constitute the minimal replisome for the mtDNA,
and can produce a 15 Kb product, which is nearly the size of the mitochondrial genome (16
Kb) (Korhonen et al., 2004).

Mutations in the gene encoding hTwinkle can cause autosomal dominant progressive external
ophthalmoplegia (adPEO), a disease that manifests in older adults with large deletions in
mtDNA deletions in post-mitotic tissues. Overexpression of wild type mTwinkle in mice
increases mtDNA copy number, and Twinkle knockdown in human osteosarcoma cells
decreases mtDNA copy number (Tyynismaa et al., 2004). In a mouse model for PEO, older
mice expressing a PEO-associated Twinkle mutant accumulate mtDNA deletions in muscle
and brain, and have a cellular phenotype similar to PEO patients, including aberrant
mitochondrial structures. These mice also exhibit mtDNA depletion in brain, but not in muscle
and heart (Tyynismaa et al., 2005). Muscle cells from six week old mutant Twinkle mice
accumulate mtDNA replication intermediates, and when the mutated Twinkle was
overexpressed in human cells, mtDNA depletion and accumulation of replication intermediates
was also observed. When overexpressed in human cells, most Twinkle mutants induce changes
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in structure of the mitochondrial nucleoid. These results support the notion that Twinkle is the
replicative helicase in mammalian mitochondria, and that Twinkle mutations result in
replication stalling, both in mouse cells in vivo and in cultured cells (Goffart et al., 2009;
Wanrooij et al., 2007).

Invitro, hTwinkle mutant and wild-type monomers form mixed hexamers, which may partially
explain the dominant negative character of adPEO mutations. The severity of the adPEO
phenotype of the patients correlates inversely with the amount of residual helicase activity in
Twinkle mutants, suggesting that the helicase activity is essential for the biological function
of Twinkle (Goffartetal., 2009). Moreover, in vitro studies in HEK293 cells expressing mutant
Twinkle suggest that Twinkle mutants inhibit transcription of the mitochondrial genome
independent of its effect on mtDNA copy number (Goffart et al., 2009). Therefore, Twinkle is
well established as the mammalian mitochondrial replication helicase, and mutations in this
protein can lead to mtDNA deletions. It is not yet known whether Twinkle plays a role in
mitochondrial DNA repair.

The yeast Suv3 (ySUV3) protein belongs to the Ski2 family of DExH-box RNA helicases. It
is an NTP-dependent RNA helicase in vitro that localizes to mitochondria in yeast cells
(Dziembowski et al., 1998; Margossian et al., 1996; Stepien et al., 1992). Yeast SUV3-1 was
originally identified as a dominant nuclear suppressor of deletions of the mitochondrial varl
gene in Saccharomyces cerevisiae (Butow et al., 1989). Subsequently, it was found that ySuv3
plays a major role in post-transcriptional and translational processes (Conrad-Webb et al.,
1990). The product of the ySUV3 gene forms, together with the Dss1p RNase, a well-
characterized mitochondrial degradosome complex responsible for degradation of
mitochondrial transcripts and RNA surveillance (Dziembowski et al., 1998).

The human SUV3 (hSUV3) gene was identified and cloned based on a high degree of sequence
homology to the yeast ortholog (Dmochowska et al., 1999). Similar to ySuv3, hSuv3 primarily
localizes to the mitochondria, although a small fraction can be found in the nucleus (Minczuk
etal., 2002; Szczesny et al., 2007). Like the mitochondrial helicase Twinkle, hSuv3 associates
with the mitochondrial nucleoid (Wang and Bogenhagen, 2006). In vitro, the recombinant
enzyme is an ATP-dependent 5’-3' dsDNA helicase with broad DNA substrate specificity
(Minczuk et al., 2002; Shu et al., 2004). SUV3 knockout mice die in utero (Szczesny et al.,
2007), and conditional Cre recombinase-mediated mSUV3 knockdown mice show delayed
growth and symptoms of accelerated aging (Paul et al., 2009). This observation suggests that
mSuv3 may promote mtDNA stability and prevent aging-associated mtDNA instability.

Human Suv3 is expressed in all tissues, with the highest levels detected in liver (Dmochowska
et al., 1999). Transient silencing of the hSUV3 gene in HelLa cells induces apoptosis and an
increased frequency of sister chromatid exchange during mitotic cell division (Pereira et al.,
2007). Lee and coworkers (Khidr et al., 2008; Wang et al., 2009) suggested that hSuv3 may
maintain mitochondrial homeostasis in human cells by serving as a component of an RNA
degradosome. Thus, an inducible sShRNA-mediated knock-down of hSuv3 in U20S cells
resulted in the accumulation of shortened polyadenylated mtRNA species and showed impaired
mitochondrial protein synthesis, which in turn led to mitochondrial dysfunction and cellular
senescence or death. More recently, it was demonstrated that expression of dominant-negative
form of hSuv3 lacking ATPase and helicase activities lead to disruption in mtRNA, resulting
in accumulation of molecules with extended poly(A) tails and 3'-end truncated degradation
intermediates (Szczesny et al.). Downregulation of hSUV3 also leads to reduced mtDNA copy
number, and some data have implicated hSuv3 in the maintenance of mitochondrial DNA and
cell viability. Human Suv3 also interacts with the RecQ helicases WRN and BLM (Pereira et
al., 2007) and with the cofactor of survivin HBXIP (Minczuk et al., 2005).
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Overall, Suv3 seems to play an important role in mitochondrial homeostasis, most likely by
regulating mtRNA metabolism in yeast and mammalian mitochondria. Although no human
ortholog of the Dss1p RNase has been found to date, a recent publication indicates that
polynucleotide phosphorylase (PNPase) is a hSuv3-interacting component of a putative human
mitochondrial degradosome (Wang et al., 2009).

S. cerevisiae Pifl protein (yPifl) belongs to the SF1 super-family of helicases, which is similar
to the RecD subfamily. Yeast Pifl exhibits SSDNA-stimulated ATPase and 5’ — 3" helicase
activity and localizes to the nucleus and to mitochondria (Lahaye et al., 1991; Zhang et al.,
2006; Zhou et al., 2000). yPifl may play roles in telomere maintenance by inhibiting telomerase
activity (Zhou et al., 2000), rDNA replication (lvessa et al., 2000), preventing gross-
chromosomal rearrangements (reviewed in (Cheng et al., 2007)), and Okazaki fragment
processing (Budd et al., 2006; Pike et al., 2009; Rossi et al., 2008).

The yPif1 gene product is necessary for recombination of mtDNA between rho* and rho™ cells
with tandemly arrayed repeats. For example, yPifl mutants exhibit increased formation of
petites with or without exposure to UV light (Foury and Dyck, 1985; Foury and Kolodynski,
1983; Lahaye et al., 1991; Wagner et al., 2006), mtDNA loss and fragmentation after ethidium
bromide treatment (Cheng et al., 2007), and mild sensitivity towards MMS and hydroxyurea
(Wagner et al., 2006). These results strongly suggest that yPifl plays a role in mtDNA repair/
recombination.

Recently, yPifl has been shown to associate with mtDNA in vivo (Cheng et al., 2007).
However, overexpression of yPifl causes growth defects in wild type yeast and yPifl mutants
are viable only on non-fermentable carbon sources (Lahaye et al., 1991; Wagner et al., 2006).
Furthermore, overexpression of a helicase-dead yPifl mutant in wild type cells caused
increased formation of petite colonies, indicating that the helicase mutant had a toxic effect on
mitochondria, even in the presence of wild type yPifl (Wagner et al., 2006), and suggesting a
possible dominant-negative effect.

Recent results also suggest that yPif1 may prevent accumulation of oxidative DNA damage in
mtDNA. Pif14 yeast have a 29-fold higher spontaneous frequency of mtDNA mutations than
wild type and a 7-fold higher level of yNtgl-sensitive sites (likely oxidized pyrimidines) than
wild type yeast (Doudican et al., 2005; O'Rourke et al., 2002).Yeast Pif1 and Ntg1 showed
synergistic interactions, including synergistic increases in DNA damage-induced yNtg1-
sensitive lesions in pifl4 ntgl4 double mutants and synergistic defects in mitochondrial
respiration. The latter effect was not seen in ntgl4 strains with mutations in other
recombination genes, suggesting that yPifl participates in the repair of oxidative lesions by a
recombination-independent mechanism (O'Rourke et al., 2002). Furthermore, yPifl may
compensate for defects in yNtg1. Based on these results, it has been suggested that yPifl might
inhibit replication fork progression to allow time for repair of mtDNA, or change the mtDNA
structure to make it more accessible for repair (Doudican et al., 2005; O'Rourke et al., 2002).
In mammalian cells, oxidative lesions accumulate significantly with age in the mtDNA
(Hudson et al., 1998). Thus, if there is functional conservation among yeats and human Pif1,
these results implicate hPifl as an important factor in maintaining mtDNA stability during the
aging process.

Yeast pifl4 cells are defective in growth on non-fermentable media after exposure to ethidium
bromide, likely due to rapid fragmentation and depletion of MtDNA and inhibition of mtDNA
replication (Cheng et al., 2007; Cheng et al., 2009). These results also argue that yPifl plays
a direct role in mtDNA replication. Similar effects on respiration are not observed in pifl-m2
mutants (mutated only in nuclear pifl), but are observed in pifl-m2 Dna2 double mutants,

Mech Ageing Dev. Author manuscript; available in PMC 2011 July 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

de Souza-Pinto et al.

YB-1

Page 7

indicating that Dna2 also is essential for mitochondrial function and/or mtDNA stability (Budd
et al., 2006).

Human Pif1—In human cells, there are two isoforms of Pifl (hPif1), produced by alternative
splicing: nuclear hPifla (74kDa) and mitochondrial hPiflp (80kDa). These enzymes have a
common central helicase domain, but different C-terminal domains. The helicase domain of
hPif1 is homologous to yPif1, but the C and the N terminal domains show no marked homology
to yPifl (Futami et al., 2007), suggesting that there could be important functional differences
between yPifl and hPifl. However, like yPifl, hPifla inhibits telomerase (Zhang et al.,
2006) and hPifl siRNA-mediated knock down slowed cell cycle progression in S-phase,
suggesting a role for hPifl in replication (Futami et al., 2007). Purified N-terminally truncated
hPifla exhibited ssDNA-stimulated ATPase activity, and 5’ to 3’ DNA/DNA and DNA/RNA
helicase activity in vitro (Futami et al., 2007; Zhang et al., 2006). hPifla also has ATP-
independent ssDNA annealing activity, which competes with the helicase activity. The helicase
domain unwinds 40 bp duplexes 50% less efficiently than 20 bp duplexes, and fails to unwind
100bp DNA substrates. A minimum of approximately 30 nt was required for binding to sSDNA,
ATPase activity and helicase activity (George et al., 2009). Interestingly, the helicase domain
of hPifl preferentially binds and unwinds DNA structures that mimic stalled DNA replication
forks (George et al., 2009). hPif1p is poorly characterized, due to difficultly in purifying and/
or overexpressing the recombinant protein (unpublished results). However, the high homology
between the yeast and the human proteins suggests that their in vivo functions may be somewhat
conserved. Thus, it will be important to investigate a possible role for hPifl in repair of
oxidative DNA damage and in preventing aging-associated loss of mtDNA stability.

The multifunctional Y-box binding protein 1 (YB-1) is one of the most evolutionarily
conserved DNA binding proteins characterized to date. Human YB-1 plays roles in
transcriptional regulation, translational regulation, DNA repair, drug resistance and responses
to extracellular signals (Kohno et al., 2003). Human YB-1 was first identified as a protein that
binds to the Y-box (a cis-acting element with a CCAAT motif) in the class Il major
histocompatibility complex (Didier et al., 1988). hYB-1 is a transcriptional regulatory protein
and translational repressor (Evdokimova et al., 2006).

Mutations in hYB-1 have been identified in several human cancers (Kuwano et al., 2003), and
hYB-1 may suppress carcinogenesis (Bader et al., 2003) through its role as a translational
suppressor (Bader and VVogt, 2005), mediated by Akt phosphorylation (Bader and Vogt,
2008). In addition, hYB-1 interacts with p53 and modulates p53-induced cell cycle arrest and
apoptosis (Braithwaite et al., 2006).

There is evidence that hYB-1 also plays a role in DNA repair. For example, recombinant YB-1
binds abasic site-containing DNA with higher affinity than undamaged DNA (Hasegawa et al.,
1991). YB-1 also binds to DNA containing cisplatin adducts (Ise et al., 1999) and mismatched
DNA (Gaudreault et al., 2004). Moreover, hYB-1 interacts physically and functionally with
the oxidized pyrimidine DNA glycosylase NTH1 (Marenstein et al., 2001), increasing NTH1
glycosylase and AP-lyase activity by altering the steady state equilibrium of the hNTH1-AP
site Schiff base intermediate. Human YB-1 also interacts with the major BER abasic
endonuclease, APE1 (Chattopadhyay et al., 2008), and with the NEIL2 DNA glycosylase,
stimulating its glycosylase activity several-fold. In this study, it was demonstrated that hYB-1
interacts with the other NEIL2-associated BER proteins, namely, DNA ligase 111 alpha and
DNA polymerase beta, and thus could form a large multiprotein complex (Das et al., 2007).
Moreover, hYB-1 translocates to the cytosol after oxidative stress, and NEIL2-initiated BER
is significantly reduced in YB-1 depleted cells. These results, together with the observation
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that hYB-1 interacts with other DNA repair proteins, including MSH2, DNA polymerase delta,
Ku80 and WRN proteins (Gaudreault et al., 2004), demonstrate that hYB-1 is an important
modulator of BER in the nucleus, and may be involved in the general response to DNA damage.

YB-1 was initially characterized as a dsDNA binding protein. However, YB-1 may also
generate and stabilize ssDNA in promoter regions of MHC genes (MacDonald et al., 1995),
suggesting that YB-1 could participate in other DNA metabolizing processes involving the
double- to single-stranded DNA transition. In fact, Gaudreault and colleagues demonstrated
that recombinant hYB-1 can unwind DNA duplexes containing blunt ends, 5’ or 3’ recessed
ends, or forked structures. This unwinding activity increases on cisplatin-modified or
heteroduplex DNA containing mismatches (Gaudreault et al., 2004). Moreover, hYB-1 also
promotes efficient strand annealing of both DNA-DNA and DNA-RNA duplexes, and the
coordination of the two activities, melting and annealing, was regulated in a dose-dependent
manner (Skabkin et al., 2001).

We have recently identified a new role for hYB-1 in mitochondrial mismatch repair. Mismatch
repair (MMR) is an essential repair pathway in preventing mutagenesis and microsatellite
instability (Skabkin et al., 2001). MMR proteins had been identified in yeast and coral
mitochondria, but MMR had not yet been reported or characterized in human mitochondria,
despite deletions of the highly repetitive sequences and microsatellite instability in mtDNA of
cells with intact nuclear MMR. We showed that human mitochondria have a robust mismatch-
repair activity, which is distinct from nuclear MMR and depends on the mitochondrial
polymerase, Poly (de Souza-Pinto et al., 2009). We identified a mismatch-binding activity,
which was independent of key nuclear MMR factors and was detected in mitochondrial extracts
from cells lacking MSH2, suggesting distinctive pathways for nuclear and mitochondrial
MMR. Surprisingly, hYB-1 is one of the components of the recently identified mitochondrial
mismatch-binding complex. We found a subfraction of h'YB-1 protein was detected in
mitochondria in HeL a cells, and this subfraction increased in cells cultured in presence of high
concentrations of thymidine, which induced mtDNA mutagenesis. More importantly,
mismatch-binding activity decreased significantly in mitochondrial extracts from cells
depleted for YB-1 by siRNA or immunodepletion. Moreover, hYB-1 depletion caused an
increase in mtDNA mutagenesis. These results have shown, for the first time, that human
mitochondria contain a functional MMR repair pathway, and implicates hYB-1 in the
mismatch-binding and recognition steps of this pathway (de Souza-Pinto et al., 2009). Because
hYB-1 plays several roles in nuclear DNA metabolism, it seems likely that YB-1 also plays
other yet-to-be identified roles in mtDNA metabolism.

Discussion

This review describes recent advances in identifying and characterizing mammalian DNA and
DNA/RNA helicases, with an emphasis on the impact of these enzymes on mitochondrial DNA
metabolism and/or stability. Strong in vitro and in vivo evidence indicates that Twinkle

associates with Poly and is the primary mitochondrial replicative helicase and/or primase. The
role of helicases in mtDNA damage processing is best understood in yeast, where yPifl plays
an essential role in repair of oxidative DNA damage. By analogy, it is likely that mammalian
DNA helicases also facilitate repair of oxidative DNA damage in mtDNA, thereby preventing
the accumulation of age-associated oxidative base damage and deletions in the mtDNA.

In the case of hDna2, recently published results demonstrated direct participation in processing
BER intermediates (Duxin et al., 2009; Zheng et al., 2008), and a role in long-patch BER
(Copeland and Longley, 2008; Zheng et al., 2008). However, hDna2 is expressed in the nucleus
and in mitochondria, and its specific role in each compartment is not yet known. While one
group suggests that hDna2 is exclusively mitochondrial (Zheng et al., 2008), some experiments
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using hDna2 knockdown cells provide evidence of a nuclear role as well (Duxin, 2008).
Additional studies are required to clarify the possible roles of Dna2 in DNA repair or other
aspects of DNA metabolism in the mitochondria or nucleus.

Recent studies in mice expressing error-prone Poly suggest that DNA deletions and clonal
mutations drive the aging process (Vermulst et al., 2008). MtDNA deletions may be the result
of defects in DNA repair pathways including DSB repair (Krishnan et al., 2008) and replication
fork stalling and/or collapse due to the inability to unwind the double helix ahead of the fork.
Helicases active in the mitochondrial compartment prevent such mtDNA deletions, as
suggested for Twinkle and hDna2 (Zheng et al., 2008).

Interactions have been demonstrated between hSuv3 and BLM or WRN, and ySuv3 and Sgs1.
Interestingly, hSuv3 and RecQ helicases have opposite polarities (Pereira et al., 2007), which
may indicate the requirement for bidirectional DNA unwinding in some DNA transactions.
While neither WRN nor BLM have been demonstrated in mitochondria, preliminary studies
suggest that RecQ4 may be present in human mitochondria (unpublished data). In the nucleus,
the RecQ helicases are involved in several DNA repair pathways, including BER. Thus, hSuv3
may cooperate with other helicases during BER in mitochondria. It is interesting to note that
human BLM complements the HU- and MMS-sensitivity of yDna2 mutants, indicating a
functional overlap between different helicases in vivo. Similarly, the possible role of yPifl in
counteracting Sgs1 function in topolll mutants in yeast (Wagner et al., 2006), could suggest
an interplay between hPif1lp and a RecQ helicase in mammalian mitochondria.

The observed redistribution of mitochondrial hDna2 to the nucleoids in cells expressing
mutated Twinkle proteins (Duxin et al., 2009) also suggests a functional link between the two
mitochondrial helicases. However, the correlation between the enzymatic activities of the
different Twinkle mutants and their ability to cause hDna2 redistribution is unclear, and the
molecular events leading to hDnaz2 redistribution remain to be determined. These results
indicate that a functional interplay between these two helicases may be important in resolving
structures that arise during DNA replication.

Mutation of yPifl suppressed the lethality of a yDna2 mutant, suggesting that yPifl may
generate intermediates that are processed by yDna2. Campbell and co-workers (Budd et al.,
2006) suggested that yPifl generates long 5’ flaps which are removed by yDna2. This is
supported by in vitro studies showing that Pifl stimulates flap displacement in Okazaki
fragment processing, resulting in longer 5’ flaps which seem to inhibit the formation of the
final ligation product in the absence of Dna2 (Pike et al., 2009; Rossi et al., 2008). Since hDna2
is largely mitochondrial (Zheng et al., 2008), it is possible that hPif1p and hDna2 cooperate
during mtDNA replication or repair, and the loss of these activities could lead to accumulation
of intermediates that would, ultimately lead to mtDNA deletion.

In summary, multiple mitochondrial helicases play likely roles in mtDNA maintenance and
replication, and their functions may be coordinated with each other or with other mitochondrial
enzymes by an as yet unknown mechanism. This model is summarized graphically in Figure
1. Additional studies are needed to refine our understanding of the compartment-specific and
unique roles of these enzymes, especially those that localize to both the nuclear and
mitochondrial compartments. It will also be important to identify biologically-relevant
substrates for this diverse group of enzymes, and the degree to which their biological roles are
unique or overlapping. Even with large gaps in our knowledge about mitochondrial helicases
remaining, it is reasonable to conclude that as a class of enzymes, mitochondrial helicases are
critical and essential for maintaining the integrity of the mitochondrial genome, and in turn,
for maintaining mitochondrial function, especially in aging cells and/or organisms.
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Figure 1.

Interplay between mitochondrial helicases, mtDNA maintenance and replication Evidence
suggests roles for mitochondrial helicases in both replication and DNA repair. Results also
suggest a functional interaction between some of the mitochondrial helicases and it has been
suggested that mtDNA repair play a major role in mtDNA deletions. Hence the role of
mitochondrial helicases in replication and mtDNA integrity maintenance is possibly
interconnected.
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